Optical conductivity measurements on the perovskite-related oxide CaCu 3 Ti 4 O 12 provide a hint of the physics underlying the observed giant dielectric effect in this material. A low-frequency vibration displays anomalous behavior, implying that there is a redistribution of charge within the unit cell at low temperature. At infrared frequencies (terahertz), the value for the dielectric constant is ϳ80 at room temperature, which is far smaller than the value of ϳ10 5 obtained at lower radio frequencies (kilohertz). This discrepancy implies the presence of a strong absorption at very low frequencies due to dipole relaxation. At room temperature, the characteristic relaxation times are fast (Շ500 nanoseconds) but increase dramatically at low temperature, suggesting that the large change in dielectric constant may be due to a relaxor-like dynamical slowing down of dipolar fluctuations in nanosize domains.
Microelectronics is driven by an almost insatiable appetite for smaller and faster devices. In memory devices based on capacitive components, such as static and dynamic random access memories, the static dielectric constant ε 0 of a material will ultimately decide the degree of miniaturization. Perovskites possess high values for ε 0 and are widely used in such technological applications. The dielectric constant of a material is related to the polarizability ␣, in particular the dipole polarizability (an atomic property), which arises from structures with a permanent electric dipole that can change orientation in an applied electric field. These two quantities are linked through the Clausius-Mossotti relation. In metals, the charge is delocalized and ε 0 Ͻ Ͻ 0. In insulators, the charge is localized and ε 0 Ͼ 0; materials with a dielectric constant greater than that of silicon nitride (ε 0 Ͼ 7) are classified as high-dielectricconstant materials. In general, a value of ε 0 above 1000 is related to either a ferroelectric that exhibits a dipole moment in the absence of an external electric field or to a relaxor characterized by a ferroelectric response under high electric fields at lower temperature, but no macroscopic spontaneous polarization. However, both classes of materials show a peak of ε 0 as a function of temperature, which is undesirable for many applications. For instance, capacitors [with capacitance C ϭ ε 0 A/d; two plates of area A separated by a distance d] need to have static values to operate properly under a variety of conditions; if ε 0 has a strong temperature dependence, then the device will not be robust and may fail. Recently, the perovskiterelated body-centered cubic (bcc) material CaCu 3 Ti 4 O 12 (CCTO) revealed an extraordinarily high dielectric constant at room temperature of ϳ10 5 (1, 2) and was found to be practically constant between 100 and 600 K. Both properties are very important for device implementation (3, 4) . However, ε 0 displays a 1000-fold reduction below 100 K, without any detectable change of the long-range crystallographic structure when probed by highresolution x-ray (2) and neutron powder diffraction (1). This is in marked contrast to known ferroelectrics (5, 6) , which structurally distort because of a soft-mode condensation. Here we present optical conductivity data and propose a mechanism for the physical origin of the large value of ε 0 and its 1000-fold drop of ε 0 below ϳ100 K.
Single crystals of CCTO were grown by the traveling-solvent floating-zone method in an image furnace. Dried starting materials of CaCO 3 , CuO, and TiO 2 were mixed and heated at 800°and 850°C for 24 hours each, with intermediate grindings to make a singlephase powder of CaCu 3 Ti 4 O 12 . For the initial growth, a ceramic rod was used as a seed. Each growth took ϳ8 hours, with the growth speed being 6 mm/hour in an oxygen atmosphere. During the growth, the upper and lower shafts were rotating at 30 rpm in opposite directions to each other in order to homogenize the molten zone. The typical size of the grown single crystals was ϳ5 mm in diameter and 20 mm in length. The ACu 3 Ti 4 O 12 family of compounds has been known for some time, and their structures have been determined (7) (Fig. 1) .
A disc ϳ1 mm thick was cut from the middle of the boule with a wire saw. The front of the disc was then polished with successive laps to an optically flat mirrorlike surface. The temperature dependence of the real part of the complex dielectric function and the dissipation factor have been measured with a capacitive technique (2, 8) at a number of different frequencies between 20 Hz and 1 MHz (Fig. 2, A and B, respectively). The static dielectric constant is taken as ε 0 ϭ ε 1 ( 3 0), where the frequency-depen- dent complex dielectric function is ε () ϭ ε 1 () ϩ iε 2 (), where ε 1 () and ε 2 () are the real and imaginary parts, respectively. The dissipation factor is also referred to as the loss tangent tan␦ ϭ ε 2 /ε 1 , where the angle ␦ is the phase difference between the applied electric field and the induced current (9) . At 250 K, ε 0 ϳ 8 ϫ 10 4 below 20 kHz; ε 0 decreases rapidly below ϳ100 K, a behavior that is also reflected in the shift of the peak in the dissipation factor. The real part of the dielectric function ε 1 () may also be determined from optical measurements; given the unusual temperature dependence of ε 0 at low frequency and the absence of any substantial structural distortion, the infrared study can provide important information as to the nature of this observation.
The temperature-dependent reflectance of CCTO was measured by means of an overfilling technique (10) over a wide frequency range (ϳ20 to 16,000 cm Ϫ1 ). The complex dielectric function has been determined from a Kramers-Kronig analysis of the reflectance. The temperature dependence of the real part of the complex conductivity () ϭ Ϫiε()/4 ( Fig. 3A) in the low-frequency region, and over a wider region at room temperature and at 12 K in the inset, shows that the conductivity is dominated by relatively sharp peaks due to the infrared-active lattice vibrations. Above ϳ300 cm Ϫ1 , the lattice vibrations harden (shift to higher frequency) and narrow with decreasing temperature as expected due to anharmonicity, whereas the modes below this frequency soften (shift to lower frequency) dramatically. In addition, the mode at ϳ122 cm Ϫ1 develops a shoulder and displays an increase in oscillator strength below ϳ100 K (Fig. 3A) . The complex dielectric function is modeled using Lorentzian oscillators
where j , ␥ j , and S j are the frequency, width, and dimensionless oscillator strength of the jth vibration, and ε ϱ is the core contribution to the dielectric function. Optical sum rules provide a powerful set of tools for examining the electronic properties of solids (11) . If the overlap in 1 () between adjacent oscillators is negligible, as it appears to be in the present case (Fig. 3A) , then the finite-energy conductivity sum rule for the jth Lorentzian oscillator is
where a Ͻ j Ͻ b ; the interval a 3 b is chosen so that the full spectral weight of the jth oscillator is captured. This is better known as the f-sum rule. Thus, although the mode The temperature dependence of the dissipation factor (or loss component) of the dielectric response at the same frequencies.
Fig. 3. (A)
The temperature dependence of the real part of the optical conductivity 1 () of CaCu 3 Ti 4 O 12 from ϳ20 to 180 cm Ϫ1 . The low-frequency mode at ϳ122 cm Ϫ1 develops a shoulder at low temperature, indicative of splitting. The low-frequency mode also shows a dramatic increase in intensity at low temperature. This increase violates the f -sum rule and is an indication that there is a redistribution of charge within the unit cell. (Inset) The optical conductivity at 12 and 295 K shown over a wide frequency range. The optical conductivity is dominated by the infrared active lattice modes, which sharpen with decreasing temperature. Above ϳ300 cm
Ϫ1
, the modes harden with decreasing temperature, whereas below this frequency, they soften instead. (B) The real part of the dielectric function ε 1 () of CaCu 3 Ti 4 O 12 in the farinfrared region for various temperatures. (Inset) The temperature dependence of the low-frequency value for the real part of the dielectric function ε FIR ϭ ε 1 ( Շ 20 cm Ϫ1 ). At room temperature. ε FIR ϳ 75, which is far less than the value of ϳ10 5 observed in the Hz region and below. At low temperature, ε FIR has increased to ϳ115, which is precisely the opposite to the decrease by ϳ1000 observed at low frequency. The opposite nature of these two trends suggests a strong absorption at low frequency at room temperature, which decreases rapidly with decreasing temperature. may soften and narrow with decreasing temperature, the spectral weight ( proportional to the integrated area under the peak, or S j j 2 ), being a measure of the local coordination and bonding, should not change substantially. At room temperature, the oscillator strength for the mode at 122 cm Ϫ1 is S ϭ 14.4. However, at 12 K this feature is best fit using a doublet consisting of a fundamental at 115 cm Ϫ1 and a shoulder at 121 cm Ϫ1 ; fits to the conductivity result in an oscillator strength of the fundamental of S ϭ 46.8, and SЈ ϭ 4.6 for the shoulder. The overall increase in oscillator strength cannot be accounted for by the introduction of a new mode, and as a consequence, the f-sum rule is violated. This unequivocal signature may provide a first step to an understanding of this reduction of ε 0 observed in this material, because the violation of the f-sum rule has implications for the distribution of charge within the unit cell. In general, the evaluation of the effective charge of an ion is very difficult in systems with more than two types of atoms. For a material with k atoms in the unit cell, the effective charge per atom Z k can be defined as (12)
where ⌺ k Z k ϭ 0 (as required by charge neutrality), V c is the unit cell volume, and j and k index the lattice modes and the atoms with mass M k , respectively. In many oxides, oxygen is often the lightest atom in the unit cell, and contributions from the heavier elements are often neglected in the summation, allowing the effective charge on the oxygen Z 0 to be approximated (13) . The relatively light elements in CCTO complicate this approach. However, some general comments can still be made. The violation of the f-sum rule requires that the left side of Eq. 3 increase with decreasing temperature (from 4.78 ϫ 10 6 cm Ϫ2 at 250 K to 5.23 ϫ 10 6 cm Ϫ2 at 12 K, an increase of about 10%); to balance the relation, the values for Z k must then also increase. Although it is difficult to say what the effective charge on a specific site will be, the overall effect is that the bonding becomes more ionic with decreasing temperature, and the increase in effective charge will be weighted toward the lighter elements, in particular the oxygen atoms. This is of particular importance for the TiO 6 octahedra, rather than the copper-oxygen sublattice. An increase in the effective charge on the oxygen atoms Z 0 and the subsequent change in the formal charge on the Ti atom should result in a different bond length. The covalent radii of Ti and O (1.36 and 0.73 Å, respectively) provide a simple estimate of 2.09 Å for the bond length, whereas the ionic radii of Ti and O (0.68 and 1.40 Å, respectively) give the nearly identical value of 2.08 Å (14) . Thus, large changes in the formal charge are possible without associated commensurate structural changes. As the bonding in the TiO 6 octahedra becomes more ionic at low temperature, ε 0 is decreasing rapidly. Furthermore, the longer than expected Ca-O distance at low temperatures is also indicative of an increased ionicity (1) .
The most interesting aspect of the optical properties is the temperature-dependent behavior of the real part of the dielectric function ε 1 () (Fig. 3B) . In the far-infrared (FIR) region below the lowest measured lattice vibration, ε FIR ϭ ε 1 ( Շ 20 cm Ϫ1 ) increases from ϳ70 at 295 K to ϳ120 at 10 K, as shown in the inset. The increase in ε FIR with decreasing temperature is a consequence of the violation of the f-sum rule and the increase in the oscillator strengths of the infrared modes, as Eq. 1 shows in the limit of zero frequency
The sum of the oscillator strengths of the infrared modes yields a value quite close to the observed value of ε FIR , which is also in good agreement with the low-temperature value of ε 0 . However, the trend in the far infrared down to ϳ20 cm Ϫ1 (2.5 meV or about 600 GHz) is for ε FIR to increase with decreasing temperature; this is the opposite of the dramatic decrease observed in ε 0 below ϳ100 K (Fig. 2A) . In order to reconcile the behavior of the optical properties with ε 0 , Eq. 4 infers the existence of a strong absorption at very low frequencies. However, attempts to model the low-frequency behavior of ε 0 using the Lorentz model result in a severely overdamped oscillator (␥ Ͼ Ͼ 0 ), implying that this process is dominated by relaxation effects (␥ ϭ 1/) (2) .
The suggestion that the physical processes in this system are dominated by relaxation effects naturally favors a Debye model (9) for the relaxation time of a dipole P(t) ϭ P 0 e Ϫt/ , where P 0 is the dipole moment and is the characteristic relaxation time. The frequency response for the dielectric function is then
and P 0 ϭ ε 0 Ϫ ε ϱ . The temperature dependence of the dielectric constant at fixed frequencies in Fig. 2A has been replotted to illustrate the frequency dependence of this quantity at fixed temperatures in Fig. 4A . The Debye model has been used to model the frequency dependence of this quantity, and the fits are indicated by the solid lines. Although there is some uncertainty in the value of at high and low temperatures, in general the model fits are quite good. The surprising result from these fits is the large change in the relaxation rate . The rapid decrease of with increasing temperature is suggestive of an increasing dipole density and a faster polarization process ϭ 0 exp͑U/k B T͒ (6) (k B , Boltzmann constant). A linear regression of log versus 1/T (Fig. 4B) describes the data quite well, as indicated by the dotted line, and yields U ϭ 54 meV (630 K) and 0 ϭ 84 ns. For 100 K Շ T Շ U, ε 0 is approximately constant, but for T տ U, the dielectric constant begins to increase rapidly to over 3 ϫ 10 5 in the ceramic materials at ϳ400°C (ϳ670 K) (1).
Subramanian et al. (1) speculate that the high dielectric constant of this material is enhanced by its microstructure because of the creation of an effective circuit of parallel capacitors, as found in boundary-layer dielectrics (15) . The recurring observation of twinned single crystals at very small length scales suggests this as a possible mechanism to create barrier layer capacitances at the twin boundaries, thereby enhancing ε 0 .
The origin of the large dipole moments P 0 is still uncertain at this time. Polar domains could be induced by local distortions, due to, for example, symmetrical off-center Ti displacements along the eight Ͻ111Ͼ directions, as is common in TiO 6 -containing compounds. However, it is surprising that, unlike in other stoichiometric titanates, a ferroelectric transition is not observed. Rather, the electric dipoles freeze through a relaxational process; at low temperatures, one observes a relaxor-like slowing down of the dipole fluctuations as evidenced by the dramatic increase in and a dramatic decrease in ε 0 . A clue to the large dielectric constant comes from its near temperature-independence at high temperatures, which implies that the correlation length does not grow on cooling as in conventional ferroelectrics. Further, it is unusual that the changes in bonding within the TiO 6 octahedron do not distort the structure, as is usually observed in perovskite compounds; the bcc structure persists down to low temperature. At present, these results suggest that the octahedral tilt (Fig. 1) is large enough to accommodate local distortions, thus effectively decoupling the ferroelectric order parameter and the crystal structure. Then, given the bcc structure, which prohibits ferroelectricity on symmetry grounds, the present results are consistent with a geometrical frustration of ferroelectric order (1) .
